I mpaired upper extremity (UE) function is a common deficit after stroke. About 70% of patients with stroke experience hemiparesis with an impaired UE, 1 and 55% to 75% will still have limitations in UE function 3 to 6 months after stroke. 2, 3 Upper extremity motor impairment often leads to poor movement control and long-term disabilities. 4 Because of persistent UE dysfunction after stroke, an accurate and precise measurement of UE performance is crucial for rehabilitation.
Kinematic analysis has been commonly used in objective and quantitative measures of UE movement performance after stroke. Kinematic performance may reveal aspects of movement planning in terms of the joint angle coordinate strategy and endpoint coordinate strategy. 5 In the joint angle coordinate strategy, the central nervous system plans the movement of the UE around a set of intrinsic coordinates of the body (eg, shoulder, elbow, and wrist joints) to arrive at the target, whereas in the endpoint coordinate strategy, extrinsic coordinates in the space are used to direct the hand to the final (endpoint) location (ie, the target). In addition, kinematic variables are often used to detect trunk compensatory movement (trunk displacement and trunk movement time). 5, 6 Kinematic assessment has been widely applied for discriminating differences in movement strategies between people with stroke and adults who are healthy 7, 8 and for evaluating the effects of various therapeutic interventions on the UE 9 -11 or UE recovery after stroke. 12, 13 Incorporating kinematic assessment into clinical evaluation is necessary to understand the impact of a disability or to capture or predict important effects of treatments on various health-related conditions, ranging from motor control strategies to activity participation. 14 The ability of kinematic data to function as a discriminative, monitoring, or evaluative measurement tool depends on the presence of sound psychometric properties. 15 Some studies have established good relative 15, 16 and absolute 15 (eg, minimal detectable change value) reliability of kinematic measures. Although several studies using kinematic variables have shown a relationship between sensorimotor impairment and motor dysfunction, 17-21 research investigating the concurrent validity of kinematics has been limited, 14, 22, 23 and no research using comprehensive kinematic variables to correlate motor impairment and motor function in people with stroke has been done. Information about how different types of kinematic variables at various stroke phases (eg, before and after intensive intervention) relate to motor function is of great value for better selection and interpretation of kinematic variables reflecting motor function in rehabilitation research. Furthermore, Massie et al 22 pointed out the need for studying how kinematic variables predict movement performance over time (ie, the predictive validity of kinematics). Adding plausible kinematic predictors to established predictive models 19, 24 may improve the determination of prognosis. 25 In 2 previous studies of kinematic validity, variables relevant to joint angle coordinate strategy (eg, recruitment of shoulder flexion, shoulder abduction, and elbow extension) were used to investigate the concurrent validity of kinematics reflecting motor impairment 23 and motor function. 22 In another kinematic validity study, selected endpoint coordinate strategy variables (eg, endpoint movement trajectory, movement time, and time to peak velocity) were used. 14 Given that the central nervous system may not program movements exclusively through one strategy or the other 26 and that task demands (eg, target distance within or beyond arm's length) and health conditions (eg, adults who are healthy or people with stroke) may be factors, 26 both types of strategy variables must be included in studies of kinematic validity.
Trunk compensatory movement during reaching has been considered a critical factor in studies of the UE performance of people with stroke 27-30 because they often recruit additional degrees of freedom (trunk movement) to compensate for UE motor deficits, thereby hindering the potential for motor recovery after stroke. 27 People with stroke may use excessive trunk movement to compensate for a limited range of motion in the UE 29 ; specific rehabilitation training may improve voluntary joint range and coordination and decrease trunk movement. 10, 31 Previous studies of kinematic validity or the relationships between motor impairment or function and kinematic measures also suggested that trunk displacement is an important variable 14,23 for distinguishing the severity of motor impairment. 23 It also may be important to incorporate trunk compensatory movement variables in further studies of the concurrent validity of kinematic measures before and after intensive training.
In all validity studies, UE tasks with a target distance within approximately 80% to 100% of arm's length have been used. 14,22,23 Different reaching distances induce people with stroke to use different coordinate strategies, possibly together with trunk compensatory strategies, to accomplish reaching tasks. 29, 32 Reaching to a target within arm's length involves the endpoint control and interjoint coordination of the UE; that is, central commands preplan a straight, efficient, and smooth endpoint trajectory and then coordinate Arm and Trunk Movement Kinematics in People With Stroke the motions of the shoulder and elbow to reach the target. 33,34 Reaching beyond arm's length (see "Method" section) requires trunk participation, and the amount of trunk displacement or recruitment is inversely associated with joint recruitment of the shoulder and elbow. 28, 31, 35 Whether the kinematic performance of tasks within arm's length can fully represent a patient's coordinate strategies and trunk recruitment and which kinematic task (within or beyond arm's length) appropriately reflects a patient's motor performance have yet to be determined.
The purpose of this study was to investigate the validity of arm and trunk movement kinematics during seated forward reaching. We attempted to estimate the concurrent validity of using arm-trunk kinematics against Wolf Motor Function Test (WMFT) scores before and after treatment and the validity of these kinematic measures for predicting WMFT scores for reaching tasks within and beyond arm's length after stroke. The WMFT, with wellknown psychometric properties, 36,37 was used as the gold standard for UE motor function measurement.
Method Participants
In the present study, we used pooled data for a secondary analysis. The data were drawn from 4 previous 38 -41 and ongoing randomized controlled trials of constraint-induced therapy, bilateral arm training, robot-assisted arm training, and conventional training. Ninety-seven participants at 4 hospitals in Taiwan were recruited. The inclusion criteria used in the randomized controlled trials were as follows: first stroke, Brunnström stage 3 or above for the proximal and distal UE, and ability to follow instructions for the evaluation of arm-trunk kinematics. The exclusion criteria were as follows: cognitive impairment (Mini-Mental State Examination score of Ͻ21), excessive spasticity at any joint of the arm (modified Ashworth scale score of Ͼ2), and participation in experimental rehabilitation or drug studies within the preceding 6 months. All participants signed a consent form. Only data from participants who were evaluated with the WMFT and a kinematic assessment before and after intervention with tasks both within arm's length and beyond arm's length were included in the present study.
Interventions and Procedure
The randomization procedures used in the trials were similar. Participants were randomly assigned to the constraint-induced therapy, bilateral arm training, robot-assisted arm training, or conventional training treatment group for 90 to 120 minutes of intervention every weekday for 3 to 4 weeks. Six evaluators with training in administering clinical assessments and unaware of the group assignments performed the clinical evaluations.
Clinical Assessments
The WMFT, which includes 15 function-based tasks, was used to evaluate UE function before and after 3 to 4 weeks of treatment. Tasks 1 to 6 of the WMFT are timed joint segment movements, and tasks 7 to 15 are timed integrative functional movements. The WMFT has 2 main scores: the mean performance time (WMFT-TIME) and the mean functional ability score (WMFT-FAS). The reliability and validity of the WMFT-TIME and the WMFT-FAS have been well established. 36, 37 In the WMFT-TIME, the instructions for each task focus on the speed of completion. In the WMFT-FAS, task completion and movement strategies (eg, movements made in synergy) are rated on a 6-point ordinal scale (from 0 to 5 points).
Measurement of Reaching Performance
A reaching task is a fundamental component of many daily activities, requires the coordinated movement of multiple UE joints, and is thus appropriate for use as an experimental task. 19 Reaching to press a desk bell was used as the kinematic task. The bell was placed along the participant's midsagittal plane at a distance corresponding to the distance from the medial border of the axilla to the distal wrist crease (a reaching distance within arm's length) and at 125% of arm's length (a reaching distance beyond arm's length). Arm's length was defined as the distance from the medial border of the axilla to the tip of the third finger, as measured with the arm hanging down alongside the trunk. The instruction was to use the index finger of the affected arm to press the desk bell as quickly as possible. 42 Each participant sat on an adjustable chair with the seat height set to 100% of the lower leg's length, as measured from the lateral knee joint to the foot. An adjustable table was adjacent to the chair. The table height was adjusted to 5 cm below the elbow while the participant sat on the chair. The initial position of the hand was on the edge of the table with the elbow flexed at 90 degrees. After one practice trial, the participant was instructed to reach to press the desk bell as quickly as possible in 3 trials.
Kinematic Analysis of Reaching Performance
Arm and trunk movements were modeled with 13 markers, which were placed on the spinal processes of the seventh cervical vertebra (C7) and the fourth thoracic vertebra (T4), midsternum, bilateral clavicular heads and acromions, the anterior aspect of the upper arm midway between the acromion and the lateral epicondyle, lateral epicondyle, styloid processes of the ulna and the
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radius, thumb nail, and index nail on the affected side. The 3-dimensional marker positions were measured at 120 Hz with a 7-camera motion capture system (VICON MX; Oxford Metrics Inc, Oxford, United Kingdom), and the data were subjected to low-pass filtering at 5 Hz with a second-order Butterworth filter. Lab-VIEW software (National Instruments Inc, Austin, Texas) was used to process the kinematic data.
Data Analysis
Eight kinematic variables were selected to indicate the endpoint coordinate and joint angle coordinate strategies and the trunk compensatory movement for the reaching task. 23, [43] [44] [45] The endpoint coordinate strategy was described by index movement time, index displacement, and the percentage of index movement time at which index peak velocity (Index PPV) occurs. These variables were computed from the marker placed on the index nail. Index movement time was defined as the time between the onset and the offset of the index movement. The index movement onset was defined for each trial as the time at which the tangential velocity rose above baseline by 5% of the peak tangential velocity of the index marker, and the index movement offset was defined as the time at which the tangential velocity fell and remained below 5% of the peak tangential velocity. 27,43 The index displacement was computed to represent the length of the trajectory of the marker placed on the index nail in the 3-dimensional space from index movement onset to index movement offset during the reaching task. The Index PPV is used to characterize movement strategies. 46 The shoulder joint angle coordinate strategy was represented by the maximal angle of shoulder flexion in the sagittal plane and the maximal shoulder abduction in the frontal plane.
The elbow joint angle coordinate strategy was represented by the minimal angle of elbow flexion. The shoulder angle was determined as the angle between the vector joining the ipsilateral acromion-lateral epicondyle markers and the vector joining the C7-T4 markers. The elbow angle was determined as 180 degrees minus the angle between the vector formed by the ipsilateral acromionlateral epicondyle markers and a vector defined by the lateral epicondyle and the styloid process of the ulna. Trunk compensatory movement was described by trunk movement time, and trunk displacement was defined by the marker placed on the sternum. The trunk movement onset was defined for each trial as the time at which the tangential velocity rose above baseline by 5% of the peak tangential velocity of the sternum marker, and the trunk movement offset was defined as the time at which the tangential velocity fell and remained below 5% of the peak tangential velocity. 27,43 Trunk movement time was defined as the time between the onset and the offset of the trunk movement. Trunk displacement was defined as the length of the trajectory of the marker placed on the sternum in the 3-dimensional space from trunk movement onset to trunk movement offset during the reaching task.
The normality of the mean WMFT scores and the 8 kinematic predictors for the 2 distance tasks before and after treatment was statistically verified by examining the skewness (Ϯ1) and visually verified with histograms. All data sets met the criteria of normality. The collinearity between predictors was examined by analyzing variance inflation factors (Յ10), tolerance (Ն0.1), and condition index (Ͼ20). The datasets showed no collinearity problems.
Two steps were used to identify kinematic variables. First, the Pearson correlation coefficient (r) was used to examine the associations between kinematic variables and the mean WMFT-TIME and WMFT-FAS. The selection criterion for the entry of kinematic variables into the model was set to a P value of .25 to avoid the exclusion of important factors in model development. 47 Although a typical threshold is a P value of .15, a P value of .25 is acceptable when no serious multicollinearity problem is found.
Next, the remaining variables were used in a stepwise procedure to develop linear regression models for establishing concurrent and predictive validity. The concurrent validity of kinematic variables before and after treatment was estimated against the WMFT-TIME and WMFT-FAS (dependent variables) before and after treatment, respectively. The predictive validity of kinematic variables (predictors) before treatment was estimated against WMFT scores after treatment. The WMFT-TIME and WMFT-FAS before treatment were used as covariates to statistically control for individual differences that existed before treatment.
Stepwise linear regressions were used to assess how much variance in the WMFT could be explained by kinematic variables and to determine which kinematic variables explained the largest amount of variance. The probability for entry into stepwise regression was set at .05. The adjusted R 2 value, standardized coefficient (␤), and incremental R 2 provided better estimations of the contribution of each predictor to the model.
Role of the Funding Source
This work was partly supported by the National Health Research Institutes (NHRI-EX-102-9920PI and NHRI-EX-102-10010PI), the National
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Science Council (NSC-100-2314-B-002-008-MY3 and NSC-99-2314-B-182-014-MY3), and Chang Gung Memorial Hospital (CMRPD1C0401) in Taiwan. The funding sources supported the conduct of the research team, including study participant transportation expense, intervention expense, examiners' salary, equipment maintenance and update, and data reduction. The funding sources had no influence on analysis, interpretation, or manuscript writing.
Results
Participant characteristics and the WMFT-TIME and WMFT-FAS results before and after treatment are shown in Table 1 . Kinematic data for reaching distance within and beyond arm's length before and after treatment are shown in Table 2 .
Correlation Analysis
Correlation analysis showed that there were 6 correlation coefficients with P values of greater than .25 and that 5 of the 6 were for the variable minimal angle of elbow flexion (Tab. 3). The kinematic variables with P values of less than .25 in the Pearson correlation coefficient analysis were entered into the stepwise multiple regression models. Table 4 shows the results of stepwise multiple regression analysis for concurrent validity before treatment for the 2 reaching distances. For reaching distance within arm's length, index movement time before treatment was a significant predictor for the WMFT-FAS model, accounting for 35.5% of the variance. Index movement time, index displacement, and maximal shoulder abduction before treatment were significant predictors for the WMFT-TIME model, accounting for 30.0% of the variance. For reaching distance beyond arm's length, index movement time and minimal angle of elbow flexion before treatment were significant predictors for the WMFT-FAS model, accounting for 33.7% of the variance. Index movement time and maximal angle of shoulder flexion before treatment were significant predictors for the WMFT-TIME model, accounting for 24.8% of the variance. Table 5 shows the results of stepwise multiple regression analysis for concurrent validity after treatment for the 2 reaching distances. For reaching distance within arm's length, trunk displacement and Index PPV after treatment were significant predictors for the WMFT-FAS model, accounting for 40.5% of the variance. Trunk displacement, Index PPV, and trunk movement time after treatment were significant predictors for the WMFT-TIME model, accounting for 47.7% of the variance. For reaching distance beyond arm's length, index movement time and trunk displacement were significant predictors for the WMFT-FAS model, accounting for 37.4% of the variance. Trunk movement time, trunk displacement, and Index PPV were significant predictors for the WMFT-TIME model, accounting for 36.4% of the variance. Table 6 summarizes the results of stepwise multiple regression analysis for predictive validity for the 2 reaching distances. After the WMFT-FAS before treatment was entered as the covariate, trunk movement time before treatment was found to be a significant predictor, explaining 
Multiple Regression Modeling
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6.9% of the variance (Pϭ.001) in the WMFT-FAS for reaching distance within arm's length; trunk displacement and trunk movement time before treatment were found to be significant predictors, explaining 9.4% of the variance (Pϭ.013) for reaching distance beyond arm's length. After the WMFT-TIME before treatment was entered as the covariate, trunk movement time before treatment was found to be a significant predictor, explaining 14.4% of the variance (PϽ.001) in the WMFT-TIME for reaching distance within arm's length; trunk displacement and trunk movement time before treatment were found to be significant predictors, explaining 14.9% of the variance (Pϭ.004) for reaching distance beyond arm's length.
Discussion
To our knowledge, the present study is the first to investigate the concurrent validity of arm-trunk kinematics against motor function (WMFT) before and after 3 to 4 weeks of intensive treatment and the validity of kinematic variables for predicting motor function for reaching within and beyond arm's length. Our results showed that the kinematic variables that can explain a proportion of the variance in the WMFT-FAS and the WMFT-TIME depend on the treatment phase (before or after treatment) and the reaching distance. For concurrent validity of the 8 kinematic variables that were examined, index movement time was most closely associated with the WMFT-FAS and WMFT-TIME before treatment, whereas combinations of trunk compensatory movement variables (trunk displacement, trunk movement time, or both) and endpoint coordinate strategy variables (Index PPV and index movement time) were the significant contributors after treatment. For predictive validity, less than 15% of the variance in the WMFT was explained by trunk movement time combined with trunk displacement. In general, motor function could be better explained by the kinematic variables when the participants performed the reaching task within arm's length rather than beyond arm's length. These findings corroborated the results of previous studies showing that kinematic measures can reflect relatively closely a patient's actual movement performance during functional activities. 14,22,23 The findings of the present study also extend the results of previous studies 14,22,23 by concurrently using endpoint coordinate strategies, joint angle coordinate strategies, and trunk compensatory movement variables to establish concurrent validity before and after treatment and to establish predictive validity.
Concurrent Validity Before Treatment
Index movement time was the primary contributor to the largest amount of variance (23%-36%) in the WMFT for both reaching distances. The positive relationship between index movement time and the WMFT-FAS indicated that a longer time to reach for pressing a desk bell reflected a better movement quality in performing a movement or functional task (eg, extending elbow movement, stacking checkers). One possible account for this relationship is the speed-accuracy trade-off. 48 Participants spent more time to reach and press the desk bell to more accurately and successfully achieve the task goal. The accuracy and success of accomplishing tasks are associated with the movement quality measured with the WMFT. Another possible explanation is that participants spent more time to adjust or reduce pathologic synergies for performing a reaching task. A reduction in pathologic synergies a Index PPVϭpercentage of index movement time at which index peak velocity occurs.
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may be reflected by better movement quality.
Concurrent Validity After Treatment
Of the 8 kinematic variables that were measured, trunk compensatory movement variables were most closely associated with the WMFT-FAS and WMFT-TIME (partial R 2 ϭ .30 -.35). The Index PPV (partial R 2 ϭ.04 -.15) was the second most important contributor to the variance in the WMFT-TIME and WMFT-FAS for both reaching distances after treatment, except for the regression model of WMFT-FAS for reaching distance beyond arm's length. Previous studies found similar results; they showed that trunk displacement during reaching, reach-to-grasp, 23 
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and drinking 14 tasks could reflect not only motor impairment but also motor function in people with stroke.
Although trunk movement time has not been used often to represent trunk compensation, the results of the present study showed that trunk movement time was a significant factor and that up to 31% of the variance in the WMFT was attributable to trunk movement time. A previous study 49 also suggested that a shorter trunk movement time may reflect less trunk recruitment, indicating that trunk movement time could be considered an important indicator of trunk compensation. In addition, the combination of trunk displacement and trunk movement time seems to relate to motor function better than either one alone.
The kinematic variables reflecting motor function differed before and after intensive treatments. Possible reasons for trunk compensatory movement variables being important indicators only after treatment are that people with stroke may use trunk compensatory movement as a habitual response learned after stroke 31 and that reaching movements are primarily controlled by endpoint coordinate strategy variables. After intensive treatments, people may have a greater capacity to voluntarily, separately control trunk and arm participation in UE movements. 27 Because the recruitment of the trunk became an important contributor for performing the reaching task after rehabilitation, it may serve as a variable reflecting motor function. These data suggest the need for careful selection of kinematic variables to describe the motor function of people with stroke at various phases, such as before treatment and after treatment. In addition, these previously unreported data indicate the trunk movements that may partially reflect motor function after treatment.
The joint angle coordinate strategy variables for the UE did not play important roles in explaining the variance in motor function. A possible reason is that the central nervous system preprograms UE movement through endpoint trajectory, together with arm and trunk coordination, rather than joint angles. 34 The findings of the present study were similar to those of Subramanian et al 23 but in contrast to those of Massie et al, 22 who found that elbow extension during reaching was the only predictor to reflect UE motor function. The discrepancy between the findings of the present study and those of the study of Massie et al 22 may be attributable to the nature of the kinematic task. In the study of Massie et al, 22 participants were asked to reach between 2 targets 
for 4 continuous cycles, whereas in the present study, the discrete functional task of pressing a desk bell on a table was used.
Predictive Validity of Kinematic Measures
The trunk compensatory movement variables before treatment (trunk movement time and trunk displacement) were significant predictors, explaining 6.9% to 9.4% of the variance in the WMFT-FAS and 14.4% to 14.9% of the variance in the WMFT-TIME after treatment. A shorter trunk movement time and less trunk displacement before intensive treatment are related to better temporal efficiency for performing functional tasks (WMFT-TIME) after intensive treatment in people with stroke and mild to moderate levels of UE motor function. Although only limited variance in the WMFT-TIME after treatment was explained by the trunk variables before treatment, Kaplan and Saccuzzo 50 suggested that R 2 values of greater than .1 with statistical significance could be considered the minimal threshold for a predictor in a predictive model. Therefore, trunk variables may be predictors and may have some prognostic value. Our results confirmed the finding of Cirstea and Levin 27 that better trunk control performance before treatment in people with stroke may indicate better execution capacity and increased opportunities to obtain greater functional gains from intensive treatment. Fritz et al 24 found the motor ability of finger extension to be a plausible predictor of motor function after treatment. Adding trunk variables to the previously suggested predictive models may enhance the accuracy of prediction of motor function after treatment. That trunk variables explained less than 10% of the variance in the WMFT-FAS may have been attributable to the WMFT-FAS being less objective, possibly resulting in the high variability of the scores.
Kinematic Validity for Reaching to a Target Within and Beyond Arm's Length
The kinematic variables selected in the regression models explained and predicted larger amounts of variance in the WMFT scores for the task within arm's length (R 2 ϭ.069 -.493) than for the task beyond arm's length (R 2 ϭ.094 -.387). The results indicated that a reaching task within arm's length may be more suitable for evaluating kinematic performance to describe motor function in people 
Conclusion
The uniqueness of the present study is that it separately examined the current validity of kinematic variables for different reaching distances before and after intensive UE training and examined the predictive validity for both distances. The results provide a better understanding of the meaning and nature of different types of kinematic variables applied in rehabilitation research. The selection of different types of kinematic variables to describe UE motor function at various phases, such as before and after treatment, in patients with stroke is necessary. Before treatment, index movement time seemed to be a kinematic variable with a relatively better association with motor function. After treatment, trunk compensatory movement variables (trunk movement time and trunk displacement) became salient contributors, possibly because participants then had a greater capacity to separately control trunk participation and arm participation in UE movements. For predictive validity, trunk variables may be considered This study was approved by the institutional review board at each participating site.
